Abstract Siderophores are chelators with a high selectivity for Fe(III) and a good affinity for divalent metals, including Cd(II) and Ni(II). Inoculation with siderophore-producing bacteria (SPB) has thus been proposed as an alternative to chelator supply in phytoremediation. Accurate assessments of the potential of this association require a dissection of the interaction of siderophores with metals at the soil-root interface. This study focuses on pyoverdine (Pvd), the main siderophore produced by Pseudomonas aeruginosa. We first assessed the ability of Pvd to coordinate Ni(II). The stability constant of Pvd-Ni(II) (log K L′Ni =10.9) was found to be higher than that of Pvd-Cd(II) (log K L′Cd =8.2). We then investigated the effect of a direct supply of Pvd on the mobilization, speciation, and phytoavailability of Cd and Ni in hydroponics. When supplied at a concentration of 50 μM, Pvd selectively promoted Ni mobilization from smectite. It decreased plant Ni and Cd contents and the free ionic fractions of these two metals, consistent with the free ion activity model. Pvd had a more pronounced effect for Ni than for Cd, as predicted from its coordination properties. Inoculation with P. aeruginosa had a similar effect on Ni phytoavailability to the direct supply of Pvd.
Introduction
Methods using living organisms (microorganisms, earthworms, plants) to rehabilitate contaminated soils are gaining increasing attention, as a sustainable approach to this problem. Electronic supplementary material The online version of this article (doi:10.1007/s11356-014-3487-2) contains supplementary material, which is available to authorized users.
One such method, phytoextraction, is currently the only way to clean up metal-contaminated soils in situ. However, improvements in its efficacy and reliability are required, to meet the requirements of planners and users. The main drawback of this approach is the long time required for clean-up (Baker et al. 2000) , principally due to the low phytoavailability of metals in the soil. Synthetic chelators (e.g., EDTA and EDDS) have been shown to enhance the phytoavailability of metals (Huang et al. 1997; Luo et al. 2005 ). However, so-called "chelant-assisted" phytoextraction is also subject to several limitations. At the doses required to enhance metal phytoavailabity (mmol kg −1 soil), chelators have been shown to have toxic effects on plants and microorganisms (Evangelou et al. 2007) and to be associated with a high risk of metal leaching into groundwater . Inoculation with siderophore-producing bacteria (SPB) has recently been proposed as an alternative strategy to the direct supply of chelators (Braud et al. 2009; Rajkumar et al. 2010 ).
The continuous localized production of siderophores in the close vicinity of plant roots, where most of the SPB establish themselves (Deweger et al. 1995) , should help to promote the phytoextraction of metals while minimizing the risk of metal leaching. Siderophores are low-molecular-weight organic chelators (150-2,000 Da) with a high selectivity for Fe(III) (e.g., log K=42 for enterobactin produced by E. coli, Hider and Kong 2011) and a good affinity for divalent metals, including Cd(II), Cu(II), and Ni(II) (Schalk et al. 2011 ). Siderophore synthesis is regulated by the intracellular concentration of Fe and is enhanced by Fe starvation (Visca et al. 2007 ). The presence of divalent metals, including Cu and Ni, has also been shown to enhance the production of siderophores, as reported for the production of yersiniabactin by E. coli (Chaturvedi et al. 2012 ) and pyoverdine (Pvd) by Pseudomonas aeruginosa (Braud et al. 2010) . Siderophores are thought to protect bacteria against the toxic effects of metals, by sequestering them outside the bacterial cell, in their siderophore-chelated form (Braud et al. 2010; Schalk et al. 2011) . Thus, in addition to their known role in supplying bacteria with Fe(III), siderophores are thought to play a significant role in the biogeochemical cycling of metals. The combination of phytoextraction with SPB inoculation has been tested several times in soil, but conflicting results were obtained (Rajkumar et al. 2010) . For example, SPB have been shown to increase the uptake of Cr and Pb by maize (Braud et al. 2009 ) but to decrease the uptake of Cd by brown mustard (Sinha and Mukherjee 2008) . As suggested by Ma et al. (2011) , the efficiency of SPB-assisted phytoextraction probably depends on the combination of plant, bacterium, and metal. Soil properties, such as soil pH in particular, should also be considered, because protons may compete with metals for complexation by siderophores (Tansupo et al. 2008) . Unfortunately, there has been little exploration of the mechanisms underlying SPB-assisted phytoextraction. One reason for this is the difficulty of monitoring siderophores and investigating the complexation of metals in soil solution. Simplified systems are thus required to provide guidance concerning the selection of the optimal plant-bacterium association to maximize the phytoextraction of a given metal from a given soil. The addition of siderophore directly to the contaminated matrix is a relevant alternative, assuming that siderophore production is the principal mechanism by which SPB alter the phytoavailability of metals in soils. We recently initiated a study on Pvd , the major siderophore produced by P. aeruginosa. This work aimed to dissect the effect of Pvd supply on the phytoextraction of Cd and Cu in a calcareous soil. We found that the addition of Pvd to the soil increased the phytoextraction of Cu, consistent with the much higher stability constant of Pvd-Cu than of Pvd-Cd. These findings highlighted the important role of complexation in Pvd-assisted phytoextraction and led on to this study, in which we aimed to dissect the relationships between metal speciation in solution and metal phytoavailability in the presence of Pvd. We focused on Cd and Ni, two metals intensively studied in phytoremediation and phytomining. Experiments were performed in hydroponic conditions, in the presence and absence of a solid mineral phase (smectite). The main objectives were as follows: (i) to study the ability of Pvd to coordinate Ni(II), its coordination properties with Cd(II) having already been characterized ; (ii) to assess the changes in Cd and Ni speciation and phytoavailability of Cd and Ni due to the supply of Pvd; and (iii) to determine whether inoculation with P. aeruginosa caused similar changes in the fate of Ni to the direct supply of Pvd.
Materials and methods

Pyoverdine
Production, purification, and quantification A wild-type laboratory strain of P. aeruginosa (ATCC 15692, also called PAO1) was used to produce Pvd. Bacteria were grown at 30°C in iron-deficient casamino acid (CAA) medium for 24 h; this time point corresponding to peak Pvd production at the start of the stationary growth phase. The culture medium was then removed by centrifugation, and the supernatant containing Pvd was filtered and its pH adjusted to 6.0 before purification. Pvd was purified by ion exchange chromatography on an Amberlite XAD-4 column (Sigma), as described by Carson et al. (2000) . Pvd was eluted with a 1:1 (v/v) mixture of ethanol and H 2 O, freeze-dried, and stored at −20°C. The level of contamination of Pvd with Fe, Cu, Cd, and Ni was checked at this stage in the purification procedure and was considered suitable for the experiments presented here (Online Resource 5). For the determination of Pvd affinity constants for Ni(II), Pvd was further purified by HPLC, as described by Albrecht-Gary et al. (1994) . Pvd concentration was assessed in solution by measuring absorbance at 400 nm (ε=19,000 M −1 cm −1 for Pvd at pH 7, Albrecht-Gary et al. 1994) .
Physicochemical characterization
The physicochemical investigation was restricted to the succinic isoform of Pvd (Online Resource 1). The metal coordination properties of the three isoforms of Pvd are thought to be similar, because the succinic, succinamide, and α-ketoglutaric moieties are not involved in metal coordination (Meyer et al. 2002) . The protonation and Cd(II) coordination properties of this isoform of Pvd were described in a previous study . We investigated the Ni(II) coordination properties of this isoform here, by plotting spectrophotometric absorption against pH, as described by Elhabiri et al. (2004) and Albrecht-Gary et al. (1994) . Pvd was found to be a valuable spectrophotometric probe, sensitive to both pH and metal uptake (i.e., the catecholate unit ) of the species formed at equilibrium. This software uses factor analysis to reduce the absorbance matrix and to extract the eigenvalues before multiwavelength fitting to the reduced dataset, according to the Marquardt algorithm.
Smectite
Smectite was extracted from bentonite obtained from the Ozurgeti mine (Georgia, Eurasia). A suspension of 20 g of bentonite in 0.7 l of distilled water was shaken for 16 h with Amberlite IR-1,200 Na resin (40 ml), to facilitate dispersion. The mixture was filtered, poured into 30-cm-high cylinders, and allowed to decant for 16 h. The clay fraction (diameter <2 μm), corresponding to the upper 20 cm according to Stokes' law, was then recovered and transferred to small bottles for centrifugation (1 h at 4,000×g). The pellets were then dried at 75°C for 24 h. We contaminated the smectite with Cd and/or Ni, by suspending the smectite in a solution containing 1 μM Cd(NO 3 ) 2 and/or 1 μM NiCl 2 , at a concentration of 0.2 g l −1
, and incubating this mixture for 1 day. The suspension was then filtered, and the smectite enriched in Cd (Sm-Cd), Ni (Sm-Ni) or Cd and Ni (Sm-M) was dried and sterilized by tyndallization to preserve the layers.
Free ionic fractions of Cd and Ni
The free hydrated ionic fractions of Cd and Ni (i.e., the M 2+ form) in solutions to which Pvd had been added were calculated from the stability constants shown in Table 1 (Alderighi et al. 1999) . Competition with Ca(II) was not taken into account because hydroxamate moieties have a much lower affinity for Ca(II), as previously demonstrated by Farkas et al. (1999) . We investigated the influence of both Pvd concentration (0<Pvd< 100 μM) and pH value (6<pH<7) on the free ionic fractions of Cd and Ni. The input parameters used for calculations are specified (Online Resource 3). For Cd, the free ionic fraction was also determined experimentally by the ion exchange method described by Schneider (2006) . This method is based on the Cd/Ca exchange properties of a cation exchange resin (Amberlite IR-120) converted to the Ca form. Briefly, we added 0.006 g of Ca resin to 0.003 l of solution in a 0.005-l polyethylene tube. A known amount of radioactive 109 Cd was immediately added to the suspension, and the tube was shaken for 24 h at 20±1°C on a roller. The free ionic Cd fraction was determined from the radioactivity remaining after contact, the total Ca concentration in the solution before and after contact, and the resin Vanselow selectivity coefficient for Cd/Ca exchange ( v K Cd/Ca =0.661), as described by Schneider (2006) . This determination was carried out with the background solution for exp. 2 (725 μM Ca(NO 3 ) 2 , 2 mM MES, 1 μM Cd(NO 3 ) 2 ), to which 50 μM Pvd was added, at pH values of 6.0, 6.4, and 7.0. The same determination was not carried out for Ni, because the resin Vanselow selectivity coefficient for Ni/Ca exchange has not yet been characterized.
Plant material
The cropping device used for the bioassays was adapted from that designed by Chaignon and Hinsinger (2003) . Ten seeds of tomato (Lycopersicon esculentum cv. Saint Pierre) were surface-sterilized with 6 % H 2 O 2 and sown in a container, on the surface of the grid. The seeds were allowed to germinate, and the plants were grown in hydroponic conditions for 13 days. Ten containers were placed on top of a 6-l bucket, containing an aerated nutrient solution. During the first 5 days, the plants were supplied with 600 μM CaCl 2 and 2 μM H 3 BO 3 . After germination, the plants were supplied with a complete nutrient solution for 8 days, of the following composition: 2 mM KNO 3 , 2 mM Ca(NO 3 ) 2 . We also set up an experiment without Cd, as a control. Plants were exposed to the metal for 48 h in a growth chamber with the same day-night conditions as the initial plant culture. The solution was stirred at 130 rpm and harvested after 48 h for analyses of pH and determinations of the concentrations of Cd, Ni, and Pvd. Each treatment (Cd source, Pvd+/−) was replicated six times. The same protocol was carried out in exp. 3, but with the replacement of Cd with Ni and with 1 μM NiCl 2 and 0.2 g l −1 Sm-Ni as the sources of nickel.
Effect of P. aeruginosa (PAO1) on the uptake of Ni by plants (exp.4)
The background solution was modified to sustain bacterial growth, based on the composition of the CAA medium: 5 g l 
Pyoverdine (Pvd) is herein noted L which designates its fully deprotonated state. As no information can be obtained from absorption spectrophotometry for the arginine and succinate amino acid protonation sites of Pvd (in the absence or in the presence of metal cations), we then exclusively considered the protons which are potentially related to the coordination process. L′ designates the system for which the ionizable sites of the arginine and succinate moieties have been omitted. The uncertainties (σ) in the log K values correspond to the added standard deviations in the cumulative constants CAAs, 6.77 mM K 2 HPO 4 , 1 mM MgSO 4 , 500 μM Ca(NO 3 ) 2 , and 1.83 mM MES, with the initial pH adjusted to 6.4. P. aeruginosa PAO1 was added to this solution, at a density of 10 11 CFU l −1
, just before plant exposure. At harvest (after 48 h), bacterial density and Pvd concentration were estimated by monitoring absorbance at 600 and 400 nm, respectively. All other experimental conditions were similar to those used in experiments 2 and 3.
Plant analyses
After exposure, plant shoots and roots were collected separately and rinsed in deionized water. Roots and shoots were dried for 48 h at 65°C in a ventilated oven and were then weighed to determine their dry matter content. Dried plant roots and shoots were milled and digested in a 4:1 mixture of 65 % HNO 3 and 30 % H 2 O 2 in a microwave mineralizer (Ethos One, Milestone). The concentrations of Cd and Ni in the plant digest were assayed by inductively coupled plasma-optical emission spectrometry (ICP-OES; Liberty II, Varian). The validity and accuracy of these two procedures were checked with a certified sample of peach leaves (NIST-SRM 1547).
Statistical analyses
Analyses of variance were performed, with Tukey's test, to identify significant differences between treatments. The figures show mean values, with 95 % confidence intervals calculated from the six replicates per treatment. We used SYST AT 10 Edition 2000 software for statistical analysis (SPSS Inc., 233 S. Wacker Drive, Chicago, USA).
Results and discussion
Coordination of Cd and Ni by Pvd
The protonation and stability constants of free Pvd and of its complexes with Cd(II), Cu(II), and Fe(III) were determined in previous studies (Albrecht-Gary et al. 1994; Cornu et al. 2014) and are shown in Table 1 . For Ni(II), Online Resource 2a displays the spectral variations measured during the absorption titration of complexes of nickel with Pvd as a function of pH. The large bathochromic shift (Δλ>32 nm for LNi vs. LH 4 , L being the fully deprotonated form of Pvd) recorded upon Ni(II) complexation made it possible to probe the ability of Pvd to coordinate Ni(II). Statistical processing of these spectrophotometric and potentiometric data led to the characterization of a single Ni(II) monochelate in two different protonation states (LNi and LHNi) and to the determination of the corresponding stability constants (Table 1) . The electron absorption spectra of LNi and LHNi are shown in Online Resource 2b. Throughout the statistical analysis, the protonation constant of free Pvd and the hydrolysis constant of Ni(II) were fixed. As the succinate and arginine residues of Pvd are not involved in Ni(II) coordination, their protonation constants were expected to be similar to those of free Pvd, as already reported for ferric Pvd complexes by Albrecht-Gary et al. (1994) . The stability constant of Pvd-Ni (log K L′Ni = 10.9, L′ designates the Pvd system in which the ionizable sites of the arginine and succinate residues are omitted) was found to be higher than that of Pvd-Cd (log K L′Cd =8.2, Cornu et al. 2014 ), but much lower than those determined for Cu(II) (log K L′Cu =20.1, Cornu et al. 2014) or Fe(III) (log K L′Fe =30.8, Albrecht-Gary et al. 1994) . The ranking of Pvd-M stability constants (K L′M , Table 1 ) is thus consistent with the IrvingWilliams series, according to which, the classical order for transition-metal complexes is as follows: Mn(II) < Fe(II) < Co(II) < Ni(II) < Cu(II) > Zn(II). Interestingly, the sequence of the Pvd-M monochelate protonation constants (K L′HM , Table 1 ): Cd (9.7) > Ni (7.7) > Cu (5.5) > Fe (<1) follows the established metal affinity sequence.
Effect of Pvd supply on the speciation of Cd and Ni
The speciation of Cd and Ni (i.e., their distribution between Pvd-chelated and free ionic species) in the background solution was calculated at pH values ranging from 6 to 7 (Fig. 1 ) and for different [Pvd]/[M] ratios (Online Resource 4). As expected from Pvd coordination properties (Table 1) , the complexation of Ni by Pvd was favored over that of Cd, and the major complex formed for both metals (M) at pH 6.4 was PvdMH 2 . Online Resource 4 shows that, even in the presence of a large excess of ligand, as often occurs in chelant-assisted phytoextraction Evangelou et al. 2007) , the complexation of Cd and Ni is only partial at pH 6.4. However, the complexation of both metals by Pvd is highly pH-dependent, at least between pH 6.0 and 7.0 (Fig. 1) , due to the protonation/deprotonation of the hydroxamate moieties. Experimental measurements of f Cd (Fig. 1) were consistent with calculations based on the coordination properties of Pvd. The slight overestimation of f Cd at pH 6.0 (13 %) and 6.4 (20 %) may result from the presence of additional ligands at trace concentrations in the purified Pvd solution (we suspect that organic acids were present). No such overestimation was observed at pH 7.0, at which Pvd binds Cd more efficiently than organic acids . The following conditions: [Pvd]/[M]=50 and pH 6.4 were selected for experiments 1, 2, and 3. The objective was to induce a substantial decrease in the free ionic fractions of Cd and Ni (f Cd =83 % and f Ni =49 %, according to the predictions) by adding Pvd.
Effect of Pvd supply on the desorption of Cd and Ni from smectite
The addition of 50 μM Pvd to the solution promoted the mobilization of Ni from smectite, whereas the equilibrium concentration of Cd remained unchanged (Table 2 ). This selective mobilization of Ni is consistent with the higher stability constant of the Pvd-Ni complex (Table 1) and supports the hypothesis that the impact of Pvd on metal mobilization is mediated principally by metal complexation. The impact of Pvd on the mobility of a given metal thus depends not only on the affinity of Pvd for the metal concerned, but also on the sorption of the Pvd-metal complex onto the solid phase. The addition of 50 μM Pvd triggered an increase in the Ni concentration of the solution (i.e., 40 %) to levels close to the fraction of Ni complexed by Pvd at pH 6.4 (i.e., 49 %). This suggests that PvdNiH 2 may be poorly sorbed onto smectite at this pH. The overall neutral charge of PvdNiH 2 at pH 6.4 is consistent with this hypothesis.
Effect of Pvd supply on the phytoavailability of Cd and Ni
The phytoavailability of Cd and Ni was assessed by determining the Cd and Ni contents of plant roots. Pvd did not affect plant growth (Online Resource 6). In the absence of smectite, the addition of 50 μM Pvd led to a decrease in phytoavailability for both Cd and Ni (Figs. 2 and 3 ). This result is consistent with the findings of previous studies on chelant-assisted phytoextraction in hydroponic conditions (Tandy et al. 2006; Custos et al. 2014) . It is also consistent with the free ion activity model (FIAM) and with the conclusions of Degryse et al. (2012) that direct uptake of the metalligand complex by plant roots makes a major contribution only when the complex is present at millimolar concentrations. The higher affinity of Pvd for Ni resulted in a more pronounced effect of Pvd supply on the phytoavailability of Ni (90 % decline) than on that of Cd (57 % decline). This difference in the effect of Pvd between Cd and Ni may also result from differences in the kinetics of uptake of these two metals by plant roots. However, the uptake curves of Cd and Ni established for tomato by Degryse et al. (2012) had a steeper slope at low concentrations (i.e., a stronger rootabsorbing power) for Cd and could not account for the more pronounced loss of Ni phytoavailability observed following the addition of Pvd. The K m (i.e., the solution concentration at which half the maximum influx was achieved) determined by Degryse et al. (2012) , which was present in the solution at a concentration not far below 1.49 μM. The addition of Pvd would, thus, theoretically have induced a similar decrease in the free ionic concentration of Ni (C Ni2+ ) and its phytoavailability. The addition of 50 μM Pvd led to a decrease Table 1 . The protonation constants of the arginine (pK a =12.2) and succinate (pK a =4.8) side arms of Pvd have been included in the calculation of the speciation diagram to clearly emphasize the protonation state of the metal complexes under these experimental conditions (see Online Resource 3 for further details). For Cd, black squares represent the free ionic fraction of Cd (f Cd ) determined experimentally at pH 6.0, 6.4, and 7.0 using the method reported by Schneider (2006) in f Ni (and thus in C Ni2+ ) of 51 % and a 90 % decrease in root Ni content. This discrepancy may result from root-induced alkalinization of the background solution. Indeed, plants provided with nitrate take up more anions than cations, leading to the release of OH − (or HCO − ) by the roots . Despite the presence of MES, an alkalinization of 0.1 pH units was observed over a period of 48 h in experiments 2 and 3 (data not shown). This would, theoretically, have promoted the complexation of Ni by Pvd in the background solution. According to our calculations, an increase in pH to pH 6.8 would be required to account for the decrease in phytoavailability observed for Ni (see Fig. 1 ). Such an increase in pH may have occurred in the close vicinity of plant roots. It would correspond to a net release of up to 50 μmol OH − per day (as assessed by titration of the background solution), consistent with Hinsinger et al. (2003) . Alternatively, this discrepancy may reflect an additional effect of Pvd on metal phytoavailability independent of metal complexation. It is possible that Pvd coats the plant roots, thereby altering the binding of metals such as Ni to the root surface, a prerequisite for their uptake. This phenomenon, previously suspected for pectins (Cornu et al. 2013) , would probably be particularly marked at Pvd concentrations as high as 50 μM. By adding smectite, we aimed to incorporate an additional process in soil-plant transfer-the mobilization of metals from the solid phase-into our experiments. We chose to work with smectite, which is well characterized and has been used in previous studies ). The addition of 50 μM Pvd promoted the mobilization of Ni, but not that of Cd (exp. 1, Table 2 ). The similarity of the effects of Pvd on the (Fig. 3) . This result contrasts with our previous findings for Cu , for which the addition of Pvd promoted both mobilization and phytoavailability in a calcareous soil. This suggests that, in our experimental conditions characterized by a [Pvd]/[metal] ratio much higher than that tested in the previous study by Cornu et al. (2014) , the addition of Pvd inhibits Ni uptake more strongly than it promotes the mobilization of Ni from smectite. In the presence of a large excess of Pvd, the free ionic fraction of a given metal is not very sensitive to changes in the total concentration of that metal. Consistently, for both Ni and Cd, Pvd caused similar decreases in phytoavailability in the presence and absence of smectite.
Effect of PAO1 inoculation on the phytoextraction of Ni
We investigated whether inoculation with a Pvd-producing bacterium-P. aeruginosa PAO1-had a similar effect on Ni phytoavailability to the direct addition of Pvd. Planktonic bacterial growth was significant (1 log unit increase in 48 h) and was similar in the presence and absence of smectite (Table 3) . A biofilm was observed around plant roots in PAO1+ conditions (data not shown). The concentration of Pvd in the background solution ranged from 13.2 to 37.2 μM and was thus below the 50 μM used in the "Experiments" section described above, even in Sm− conditions (Table 3 ). The Pvd concentration was lower in the presence of smectite, due to the concentration of Fe solubilized from the smectite being sufficiently high to inhibit Pvd production by the planktonic bacteria ). The presence of 1 μM Ni had no effect on either bacterial growth or Pvd concentration (Table 3) . The results for Ni availability obtained with PAO1 were similar to those obtained with Pvd alone. In both cases, root Ni content was decreased by a factor of 10, regardless of the presence or absence of smectite (Fig. 4) . These data suggest that Pvd production is a key mechanism by which P. aeruginosa alters the phytoavailability of metals such as Ni, at least in our experimental conditions characterized by a high [Pvd]/[Ni] ratio. However, the effect of PAO1 on the fate of Ni was biased by the large increase in solution pH observed after inoculation. Indeed, despite the presence of MES, the pH of the solution increased from 6.4 to 9.5 in PAO1+ conditions, due to the consumption of the CAAs (the main carbon source) by the bacteria. This strong alkalinization, which was probably responsible for the decline in root growth observed in PAO1+ conditions (Table 3) , alleviated the competition with protons for Pvd complexation, thereby resulting in a greater decrease in Ni phytoavailability. The free ionic fraction of Ni in PAO1+ conditions was below 10 % at pH values above 6.8, presumably corresponding to most of the period of plant exposure (even in Sm+ conditions). The high shoot Ni content observed with PAO1 in the absence of smectite (Fig. 4) suggests that P. aeruginosa may induce a preferential pathway for the root-to-shoot translocation of metals, as previously suspected by Braud et al. (2009) . Further studies are now required to elucidate the underlying processes.
Conclusions
In this study, we determined the stability constant of the PvdNi complex, which was found to be higher than that of the Pvd-Cd complex. Experimental determination of the free ionic fraction of Cd validated our approach to the assessment of metal speciation on the basis of Pvd coordination properties. The addition of 50 μM Pvd triggered the selective mobilization of Ni from smectite. It also provoked decreases in the free ionic fraction and phytoavailability that were stronger for Ni than for Cd. The good agreement between the coordination properties of Pvd and its impact on metal phytoavailability confirms the involvement of complexation in Pvd-assisted phytoextraction. The lower phytoavailability of Cd and Ni observed in Pvd+ conditions is consistent with the FIAM and suggests that the addition of 50 μM Pvd does not lead to the induction of a preferential pathway for Cd/Ni uptake by plant roots, over a period of 48 h at least. It would be of great interest to determine the rates of dissociation of Pvd-M complexes, to determine the extent to which such dissociation is involved in the flux of the free metal ions taken up by roots. Another key finding of this study is that inoculation with SPB, such as P. aeruginosa, may have a pH-based effect on metal phytoavailability, at least in hydroponic conditions.
